In this paper, a comparative study between PID, PID with tracking feedback, and Fractional Order PID for a missile canard is presented. The missile canard is modelled using computer aided design (CAD) software and imported into the Simscape, a physical system-modelling tool within Simulink environment. Since a mathematical model is not derived, the genetic tuning algorithm is used to tune the controllers. In addition, the genetic algorithm tuning is refined by improving the fitness function.
INTRODUCTION
The PID controller is one of the most popular controllers used in a wide range of industries [1] . Modern missiles also use PID controllers for the actuation of their control surfaces. The use of PID controller for DC motors in aerospace applications is reviewed in [2] . Due to technological progress, several optimizations to the PID controllers were introduced. A study of the performance differences between PID and FPID have been presented in [3] . Hence, in order to evaluate the optimization to the PID controller for missile canard, a comparative study is performed. The comparison of different controllers is presented in section 2.
In addition, the evaluation of the controllers requires a model to simulate the behavior of the missile canard. Traditional methods use higher order transfer function to estimate the canard behavior [4] . However, since transfer functions are linear, a more accurate estimation is needed. There are several papers attempting to model a dynamic system. The use of Takagi-Sugeno-Kang Fuzzy method, which is an iterative of modelling, is given in [5] . Moreover, [6] proposes the use of artificial neural network to model the dynamic system, which requires the input and outputs of the system to be estimated. However, since the iteration and training of neural network can be time consuming, this paper proposes an alternative solution. The missile canard can be drawn in CAD software then imported into Simscape for simulation. The simulated model will be compared to a physical canard to determine its accuracy. The modelling approaches are discussed in section 3.
Since the proposed modelling method does not have a mathematical model, traditional method of tuning cannot be used. There are several papers that address this issue. For example, [7] proposes using online controller tuning and recursive least square method. In addition, [8] proposes the use of genetic algorithm as a technique to tune the controllers. This paper improves on the genetic algorithm tuning technique by refining the fitness function as shown in section 4.
Section 5 compares the performance of all the controllers for both missile canards modelled in Simscape and actuated physically. Furthermore, it shows the results of the refined genetic algorithm tuning by illustrating the errors corresponding to each controller. The novelty of this paper is in the fact that it provides an overall study of different PID controllers, genetic tuning algorithm refinement, and a new modelling approach for the missile canard.
CONTROLLERS
There are three controllers used in this comparison: the PID controller, the PID controller with tracking feedback, and Fractional Order PID.
PID Controller
The PID controller's mathematical model is shown in Eq. (1) [9] . Here, it can be seen that the PID controller calculates the control signal u(t) by adjusting the error e(t), the derivative of error, and integral of error with their corresponding gains. Simulink's implementation of the PID block diagram is illustrated in Fig. 1 [10] . It is important to note that the derivative part of the controller's implementation is done by a filter with a gain N. In order to maintain consistency, the Simulink PID algorithm is also used in the microcontroller for the physical missile canard actuator. 
PID Controller with Tracking Feedback
One optimization for the PID controller is the inclusion of a feedback for the control signal u(t n−1 ). This allows for the controller to consider the magnitude of the control signal in the calculation of the control signal u(t). Eq. (2) shows the mathematical model of the PID controller with tracking feedback. In addition, Fig. 2 illustrates the Simulink implementation of the block diagram [11] . Similarly, the Simulink PID with tracking algorithm is used in the microcontroller of the physical missile canard. 
Fractional Order PID Controller
Fractional Order PID controller implies that the derivative and the integration of the PID controller are of fractional order. This allows the finer tuning of the control signal u(t) that is not possible with traditional PID controller. Eq. (3) shows the mathematical model of the controller [12] . Simulink does not have a library for the FPID. Therefore, the controller from the FOMCON library, which allows for the computation of the fractional order derivative and integration, is used. The block diagram is illustrated in Fig. 3 [13] . The FOMCON evaluation of fractional order is also used in the microcontroller of the physical missile canard. 
MISSILE CANARD MODELLING
Transfer functions have been used traditionally to represent systems but they are not accurate because of their linearity. There are alternative modelling techniques used in the scientific community that are discussed in section 3.2. However, this paper uses Simscape in Simulink as the modelling tool. That is because the Simscape allows for full CAD models to be imported into the Simulink [14] . This means that the missile canard structure and joints are imported directly and ready for simulation. Moreover, Simscape has advanced numerical model for mechanical and electrical system, which allows the controller and motor to be easily simulated. Simscape is divided into several categories each severing an integral function of the modelling tool. The categories used in this paper are multibody, mechanical, and electrical. In addition, traditional Simulink blocks are used to simulation controller software as it connects directly to the Simscape model.
Physical Canard
The canard used in this paper is shown in Figure 4 . Here, the DC motor's toque is multiplied by the mechanical gearing design. In addition, the controller for the physical canard is shown in Figure 5 . 
Alternative Modelling Methods in the Field
There are two alternative modelling techniques used in the scientific community. The Takagi-Sugeno-Kang (TSK) Fuzzy modelling is an online training method. The algorithm of the TSK technique is shown in Fig. 6 . Here, the model parameters are iteratively adjusted in order to match the behavior of the dynamic model [5] .
Another popular modelling method is the neural network presented shown in Fig. 7 . The forces of the object are set as input while the output is set as displacement. The neural network is then trained and used to simulate the behavior of the dynamic system [6] . 
Simscape Multibody
Simscape Multibody allows for CAD models to be imported directly into Simulink as shown in Fig. 8 . The blocks correspond to the pieces of the canard and the relationship between its joints [14] . It is important to note the CAD in Multibody only models the canard and the rod. Hence, the inertia has been adjusted to more accurately represent the physical system. The DC motor as well as the controller circuits is modelled using Simscape Electrical and Mechanical. This allows for simplicity as well as the evaluation of the rest of the Simscape categories. In addition, the missile canard model can be viewed using the Mechanics Explorer. This allows for the behavior of the canards to be visualized as shown in Fig. 9 .
Figure 9
Simscape multibody mechanics explorer
Simscape Mechanical
Simscape Mechanical allows for mechanical parts to be modelled in Simulink. Here, the DC motor as well as the gear box are modelled as shown in Fig. 10 [15] . 
Simscape Electrical
Simscape Electrical allows for electrical circuits to be modelled in Simulink. Here, the DC motor control circuit is modelled as shown in Fig. 11 [16]. 
Controller Software Simulation
The software portion of the canard is modelled in the Simulink. Fig. 12 shows the implementation of the PID controller in Simulink.
TUNING METHODS WITHOUT TRANSFER FUNCTIONS 4.1 Iterative Feedback Tuning Method
One method of tuning in the scientific community is the use of iterative feedback tuning (IFT) with recursive least square. Here, the closed loop input and output parameter are obtained. Then, the arbitrary reference signal is calculated. The reference signal is used to tune the controller for optimal performance index [7] . 
Genetic Tuning Method
Another method is the use of Genetic algorithm, which is an advanced multidimensional random search technique based on biological models such as natural selection. The genetic algorithm evaluates the performance of the controller by a fitness function. Cao's paper proposes the term J1 and J 2 as a measurement of control performance quality. The J 1 term quickly tracks error but is prone to oscillation. The J 2 has good response but bad selection performance. Therefore, Cao proposes an optimized performance quality J which weightage values w 1 and w 2 . Once J is obtained, the fitness function F can be evaluated [8] .
It is important to keep in mind the stop criteria for the genetic algorithm. There is a generation limit that sets the boundary for the number of iterations for the genetic algorithm. In addition, there is a time limit which controls the maximum time spent finding the optimal solution. Furthermore, there is a range limit, which sets the boundaries for the multidimensional search. There is no unique solution for the genetic algorithm. Hence, it is essential to choose the correct limits. The stop criteria for the range limits in this paper are Kp = [0.001, 20], K i = [0.001, 20], K d = [0.001, 20], λ = [0.001, 1], and µ = [0.001, 1]. These limits are chosen because of the canard's optimal performance range. In addition, a time limit of twenty-four hours was chosen to allow enough time for the optimal solution to be found. Moreover, a generation limit of 500 was selected. Lastly, a stop criterion of an average change of less than 1×10 −6 was implemented.
Fitness Function Refinement
This paper proposes an alternative to Cao's fitness function to address the shortcomings of the genetic algorithm. Eq. (8) takes the Means Square Error (MSE) of the response Y i and controller command Cmd. However, by only using F 1 in the fitness function, the response will be prone to overshooting. Hence, an additional term F 2 is introduced to limit the overshooting. This is done by taking the square of the error between maximum Y Overshoot and the controller command. Lastly, the two terms are added in equation 10 to form the fitness function F.
It is important to note that Cao's fitness function focuses on lowering the control signal. While some applications require limited control signal, this comes at the cost of performance. Nevertheless, the refined fitness function focuses on minimizing the error of the controller output, hence, producing results with less error. However, it does not consider control signal magnitude, which could be troublesome for some applications.
CONTROLLER PERFORMANCES
The three controllers' performances are compared to determine the most optimal controller for the missile canard. The controllers' comparison will be performed on Simscape. In addition, it will also be performed on the physical actuator. This allows for the accuracy of the Simscape model to be evaluated. In addition, it allows for the difference in performances between the physical canard controllers and the simulated canard controllers to be evaluated and compared. In addition, the genetic algorithm with refined fitness function will be used to tune the simulated controller. Then, the same gains will be used in the physical microcontroller. Moreover, the time step of 0.2 ms is used for uniformity. It is important to note that section 5.3 compares Cao's genetic algorithm tuning to the one proposed in this paper.
Step Response
The step response is used to evaluate the performance of the controller to the change of the command. The command steps from 0 to 10°. Fig. 15 shows the step response of the FPID controller for both simulation and physical canard. The simulation does not overshoot initially but oscillates between ±0.024°. The physical actuator also does not overshoot initially, but it oscillates between ±0.05° for 10 ms, then settles to with 0° error. Both simulated and physical canards behave relatively similar.
PID step response

FPID Step Response
All Simulated Controllers'
Step Response Fig. 16 shows the comparative response of all the simulated controllers. Fig. 17 shows the comparative error of all the controllers. As it can be deduced from both figures, the FPID controller has the least error initially, however, the PID controllers managed to outperform it. The PID controller with tracking feedback has the largest error. 
All Physical Controllers'
Step Response Fig. 18 shows the comparative response of all the physical controllers. Fig. 19 shows the comparative error of all the controllers. As it can be deduced from both figures, the PID tracking controller reaches the demand fastest but has an odd shape. The FPID controller reaches slowest, oscillates, but then maintains zero error. The PID controller is the most stable.
Response to Sine Wave Input
The response to sine wave is used to evaluate the performance of the controllers to the constant change of the command. The command varies from −10° to 10° with a frequency of 5 Hz. 
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Physical vs simulation PID with tracking response to sine wave Fig. 22 shows the response to sine wave input of the FPID controller for both simulation and physical canard. The simulation overshoots 0.83° at maximum. The physical actuator undershoots by 0.19° and at minimum. The simulated and physical canards differ mostly in overshooting.
FPID Response to Sine Wave
Figure 22
Physical vs simulation FPID response to sine wave Fig. 23 shows the comparative response of all the simulated controllers. Fig. 24 shows the comparative error of all the controllers. As it can be deduced from both figures, the FPID controller has the least error and continues to maintain it. Nonetheless, the error starts increasing towards the end. The PID with tracking controller has the higher error throughout the simulation. The PID controller's performance is very similar to the PID with tracking. However, it has slightly less error. This result is significant because while the FPID controller did not outperform the other two controllers in the step response, it manages to perform very well to the sin wave. Fig. 25 shows the comparative response of all the physical controllers. Fig. 26 shows the comparative error of all the controllers. As it can be deduced from both figures, similar to the simulation, the FPID controller has the least error and manages to maintain it. On the other hand, the PID with tracking controller has second least error unlike the simulated. The PID controller has the highest error despite performing very well in step response. 
All Simulated Controllers' Response to Sine Wave
All Physical Controllers' Response to Sine Wave
Simulated vs Physical
As it can be seen from the result of section 5.1.1 through section 5.2.5, the performance of the physical canard is very similar to the performance of the simulated canard. This leads to the conclusion that the Simscape modelling technique is accurate. 
Genetic Algorithm Optimization Comparison
The genetic algorithm optimization comparison is used to validate the improvements of the proposed optimization. The resultant gain from the proposed optimization is K p = 19.3, K i = 2.5, K d = 0.4, λ = 0.33, µ = 0.939 and from Cao's method is K p = 9.98, K i = 10.4, K d = 0.564, λ = 0.11, µ = 0.877. The reason for the difference can be the genetic algorithm, as there is no unique solution, and the differences in the optimization method.
Genetic Algorithm Simulated Step Response
By evaluating Fig. 27 and Fig. 28 , it can be seen that the proposed simulated optimization's FPID has less overshoot and error than Cao's optimized FPID.
Genetic Algorithm Physical Step Response
By evaluating Fig. 29 and Fig. 30 , it can be seen that the proposed physical optimization's FPID is faster. However, Cao's optimized FPID is smoother and has less overshoot. 
Genetic Algorithm Simulated Error Due to Sine Wave
By evaluating Fig. 31 , it can be seen that the proposed simulated optimization's FPID has less error than Cao's optimized FPID.
Genetic Algorithm Physical Error Due to Sine Wave
By evaluating Fig. 32 , it can be seen that the proposed physical optimization's FPID has less error than Cao's optimized FPID. 
CONCLUSION
The three PID controllers successfully controlled the missile canard both in simulation and physically. The traditional PID controller resulted in the most stable performance. This is because it had the least oscillation. In addition, the PID with tracking feedback resulted in the fastest performance. That is because it reached the steady state in the least amount of time. Furthermore, the FPID controller has the best performance for oscillating dynamics. That is because it had the least overshooting and error during the response to sine wave. The results indicate that the right controller depends on the design criteria of the dynamic system.
In addition, the modelling technique proposed in this paper was successful. That is because the behavior of both simulated and physical missile canard was similar. In addition, the gain that was tuned using the simulation successfully controlled the physical canard. The accuracy of the modelling technique can be improved by a more accurate drawing of the missile canard using CAD software. Moreover, the mechanical tolerances and noise can be incorporated in future models to improve accuracy. Nevertheless, the Simscape model technique can be used as a viable modelling solution.
The refinement to the fitness function for the genetic algorithm was successful. That is because the gains obtained from tuning all three controllers resulted in performance with minimum error. In addition, the performance of the refined fitness tuning produces results with less error and overshoot than Cao's genetic tuning algorithm. Hence, the genetic algorithm with refined fitness function is a feasible tuning solution. 
